• Brother of Cdo is expressed around the supraoptic tract of zebrafish.
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a b s t r a c t
During development of the embryonic zebrafish brain, the differential expression of axon guidance molecules directs the growth of axons along defined neuronal tracts. Neurons within the dorsorostral cluster of the presumptive telencephalon project axons ventrally along the supraoptic tract. Brother of Cdo (Boc) is a known axon guidance molecule that is expressed in a broad band lying ventral to the dorsorostral cluster of neurons. Loss of Boc function has previously been shown to perturb the development of the supraoptic tract. We have used live cell imaging of individual growth cones within the living zebrafish embryo to determine how Boc regulates the growth cone dynamics and axon guidance within the supraoptic tract. A plasmid construct encoding elavl3-eGFP was injected into early embryos to selectively label a small number of neurons while the expression of Boc was knocked down by injection of antisense morpholino oligonucleotides. Time-lapse imaging of growth cones within the living embryos revealed that loss of Boc significantly affected the morphology of growth cones in comparison to axons within control embryos. Growth cones navigating along the supraoptic tract in the absence of Boc extended significantly longer filopodia in the rostrocaudal direction. These results indicate that Boc acts to restrict axons and their filopodia within the narrow pathway of the supraoptic tract. The highly selective nature of these pathfinding defects reveal that Boc is likely to be one of many molecules that coordinate the trajectory of axons within the supraoptic tract.
© 2013 Elsevier Ireland Ltd. All rights reserved. Ig superfamily with four Ig-like loops, three fibronectin type III 36 repeats and a single transmembrane domain [8] .
Introduction
37
The binding and signalling partners of Boc are yet to be fully 38 elucidated. Boc has been proposed to form a receptor complex with 39 Cdo [8] but has also been shown to bind to sonic hedgehog (Shh). 40 Retinal ganglion cell growth cones that express Boc are repelled 41 from Shh in mouse forebrain [5] . Boc-Shh interactions have also 42 been shown to directly regulate chemoattractive axon guidance 43 during the formation of commissures in the spinal cord [10] , the 44 patterning of the ventral brain and spinal cord [1, 2] , and the for-45 mation of microcircuits within the cerebral cortex [6] .
46
Within the developing zebrafish forebrain, boc is expressed in 47 a highly restricted band that lies immediately ventral to the dor-48 sorostral cluster of neurons [4] . Ventrally projecting axons from 49 those neurons form the supraoptic tract which passes through the 50 Embryos with grossly normal morphology at 18 hpf were anaes-114 thetised in 0.01% Tricane (3-amino benzoic acid ethylester) (Sigma) 115 and mounted on glass slides in 1% low melting temperature 116 agarose. Images were captured using a dry 40× objective on 117 an Olympus BX51 compound microscope using epifluorescence 118 according to the procedure as described by St John and Key [12] . 119 Images were taken at 10 second intervals for 1-5 h with n = 10-17 120 sequences used for quantification. Measurements of the length of 121 filopodia were made using SPOT software (Diagnostic Instruments, 122 Sterling Heights, MI, USA). Data was analysed using ANOVA with a 123 post hoc Student's t-test, with p < 0.05 being considered as signifi-124 cant. Transient transgenic embryos were generated using a new 129 transgene construct (elavl3-eGFP) in which the neuronal specific 130 promoter elavl3 [11] drives expression of eGFP in neurons. Injection 131 of 25 pg of elavl3-eGFP did not label any neurons in the dorsorostral 132 cluster whereas 37.5 pg of elavl3-eGFP labelled dispersed neurons 133 (arrows, Fig. 1B, B ) which provided fine resolution of axons (arrow-134 heads, Fig. 1B ) with embryos showing normal gross morphologies 135 rates (>95%) similar to uninjected embryos. As the amount of 136 elavl3-eGFP injected was increased to 50 pg more neurons were 137 labelled in the dorsorostral cluster (arrows, Fig. 1C, C ) . Axons were 138 also detected in other tracts (see labelling in the post-optic com-139 missure, Fig. 1B, B ) . When injected with 100 pg of Huc-eGFP, 19% 140 (n = 52) of embryos exhibited morphological defects (body tor-141 sion, tail curling and abnormal head shape). We subsequently used 142 37.5 pg of elavl3-eGFP for the following experiments as this best 143 provided the single cell labelling within the dorsal-rostral cluster 144 that we desired and we used only those embryos exhibiting normal 145 gross morphology. In wild-type animals, axons entered the supraoptic tract directly 148 by projecting ventrally and without evidence of exploratory growth 149 towards the dorsal surface of the brain (Fig. 1D, D ) . The growth 150 cones exhibited complex shapes as they grew towards the supraop-151 tic tract (arrowheads, Fig. 1E, E ) . Upon entering the supraoptic 152 tract the growth cones became streamlined (arrowheads, Fig. 1F , 153 F ). Axons retained complex protrusions close to the cell body near 154 the entry into the supraoptic tract (arrows with tail, Fig. 1F , G ) 155 while the part of the axon within the supraoptic tract remained 156 unbranched and linear in trajectory (Fig. 1F , G ) . Upon reaching 157 the junction with the tract of the post-optic commissure the growth 158 cones enlarged (arrowheads, Fig. 1G , G ; compare with arrowheads 159 in Fig. 1F ). 
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project through the Boc domain (Fig. 1H ) [4] . In embryos in which domain, as this was where aberrant axon projections were pre-173 viously detected.
174
We first determined the behaviour of growth cones within 175 the supraoptic tract of wild-type embryos. Wild-type growth 176 cones progressed with very few pauses during migration ( Fig. 2A) . 177 Growth cones were elongated and small filopodia extended in both 178 anterior and caudal directions (arrowheads, Fig. 2A) . Interestingly, 179 filopodia were observed up to 10 m in length (see below for 180 quantification) indicating that growth cones in the supraoptic 181 We next examined embryos that had been injected with axons that we have previously described [4] . Despite the abnormal neuroepithelial cells underlying the entry point of telencephalic 237 axons into the supraoptic tract disrupted the morphology of growth 238 cones. Growth cones bifurcated and aberrant branches were estab-239 lished which led to inappropriate growth of axons into diencephalic 240 regions normally devoid of axons.
241
Knock down of Boc causes a selective defect in the guid-242 ance of a subpopulation of axons coursing in the supraoptic tract 243 that forms the first connection between the telencephalon and 244 diencephalon [4] . Rather than growing directly from the dorsal 245 telencephalon towards the ventral diencephalon, some supraoptic 246 tract axons are diverted caudally away from the narrow confines of 247 their ventrodorsal trajectory with knock down of Boc (Fig. 2N-O) . 248 These aberrant axons wander through a neuroepithelial domain 249 that normally expresses boc. These results led to the idea that 250 the Boc-expressing neuroepithelial domain, which begins at the 251 point where axons of the dorsorostral cluster of neurons enter the 252 supraoptic tract, was inhibitory to these supraoptic tract axons and 253 acted like a surround barrier to channel axons ventrally towards 254 the major longitudinal axon tract coursing along the rostrocaudal 255 axis of the brain.
256
Since the complexity of growth cone morphology and the 257 dynamics of axon extension reflect the nature of the guidance cues 258 in the microenvironment we first decided to examine the shape 259 of supraoptic tract growth cones throughout their trajectory. By 260 injecting large numbers of embryos with the Huc-eGFP plasmid it 261 was possible to obtain specimens with discrete labelling of dor-262 sorostral cluster neurons with axons projecting into and along the 263 supraoptic tract.
264
Using fixed tissue analyses, we have previously shown that 265 knock down of BOC caused some axons to inappropriately extend 266 out of the supraoptic tract in the caudal direction [4] . We there-267 fore reasoned that this phenotype may actually represent one end 268 of a spectrum of abnormal growth behaviours by supraoptic tract 269 axons. To test this hypothesis we examined axon growth at the 270 single cell resolution in vivo by time-lapse microscopy of living 271 embryos. We found that knock down of Boc caused axon split-272 ting and branching as depicted in the fixed preparations and that 273 there were more dynamic filopodia. In addition, the length of the 274 filopodia of the ventrally directed growth cones were longer in the 275 Boc loss-of-function embryos compared to controls. These subtle 276 defects could not be identified in fixed preparations and were not 277 visible in whole-mounted embryos labelled for expression of acety-278 lated ␣-tubulin which stains all axons [4] . Thus, Boc influences a 279 range of growth behaviours in the supraoptic tract including axon 280 guidance, axon splitting and filopodial extensions.
281
It is not immediately clear how boc regulates axon guidance 282 and growth cone morphology in the supraoptic tract. Cell trans-283 plant experiments are sometimes performed in zebrafish to create 284 chimaeras in order to elucidate the role of molecules of interest. 285 However, in our study we considered that it would not be appropri-286 ate to transplant the supraoptic tract neurons since the supraoptic 287 tract neurons themselves do not express Boc, but instead their 288 axons migrate through Boc domains [4] . Thus we could not use 289 this approach to determine more about the potential signalling 290 pathways. We propose that Boc must be acting indirectly to mod-291 ulate supraoptic tract axon guidance. The evidence points towards 292 Boc regulating the chemorepulsiveness of the neuroepithelium. 293 [7] . Another 304 possibility is that boc, which is expressed weakly throughout the 305 early forebrain [4] , is affecting initial patterning of the ventral 
